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INTRODUCTION
This report describes technical aspects of a study to define methods for estimating the magnitude and frequency of future floods on Missouri streams. A significant part of the analytical procedure included using a rainfallrunoff model to extend short-term records of floods on small streams. The synthetic flood records generated by use of long-term climatic data in the model were then used with available flood records on large streams to define suggested relations for estimating future flood magnitudes at ungaged sites. A companion report by Hauth (1974) described the defined estimating relations and provided details on how to use the relations to obtain a design estimate, and two other reports by Hauth (1973a Hauth ( , 1973b presented basic data. The purpose of 1 this report is to document the analytical methods used.
The economic design of drainage structures, the equitable regulation of flood-prone lands, and the establishment of realistic flood insurance rates require estimates of the magnitude and frequency of floods in the future. Many techniques have been proposed for estimating the magnitude and frequency characteristics of future floods, and the most reliable ones are based upon an assessment of past records of observed floods. In general, the longer the period of observed flood records at a site, the more reliable the future flood characteristics can be estimated at that site. To obtain estimates of future flood characteristics at ungaged sites, techniques are available for transfer of flood information from gaged sites. The accuracy of these estimates at ungaged sites also is related to the accuracy of the estimates at gaged sites and, therefore, to the length of observed flood records.
Flood magnitudes have been observed systematically in Missouri by the U.S. Geological Survey and other Federal and State agencies since 1903. A large mass of flood data has been accumulated, but these long-term data observations have been confined primarily to the large streams. A study by Sandhaus and Skelton (1968) defined methods of estimating flood magnitude and frequency, but, because of the short period of records available on small streams, the technique was considered applicable only for estimates on streams draining more than 50 mP (130 km 2 ) . In a study of the adequacy of available Missouri streamflow records, Skelton and Homyk (1970) determined a need for a longer period of flood records on drainage areas of less than 50 mi 2 (130 km
One suggested alternative to awaiting the assen1bly of long-term flood records on small streams is to use available long-term climatic records in a rainfall-runoff model to estimate long-term flood records. The runoff process is a complex phenomena. A mathematical model allowing a reasonably accurate description of the process is also complex. It was not until the advent of the digital computer that the use of mathematical models describing the rainfallrunoff process became practical.
The rainfall-runoff model used in this study w~s developed by the Geological Survey specifically for the purpose of modeling floodrunoff hydrographs from small watersheds. Details of its computational routine, necessary assumptions, and reliability have been described by Dawdy, Lichty, and Bergmann (1972) . Primary characteristics of this model are that it is deterministic, structure imitating, digital, and relatively simple. Only 10 parameter values must be evaluated to calibrate the model to any specific drainage site. The parameters were conceived as real and measurable characteristics of the contributing watershed, but in practice the parameters are evaluated from a period of concurrent precipitation and runoff records for each site by an internal and automated optimization routine.
Information available in Missouri offered an ideal situation for testing the use of the rainfall-runoff modeling approach to defining floodfrequency estimating relations. Observations of concurrent rainfall and runoff began on a few small-stream sites as early as 1948, and the data collection program was enlarged and continued until, at the time of this study, an average of 10 years of observations were available for 43 sites that drain from 0.10 to 10 mi~ (0.26 to 25.9 km~) located in a variety of topographic settings. Continuous-recorder charts of precipitation averaging 70 years in length have been obtained by the National Weather Service at four areally dispersed sites, and sufficient pan-evaporation data were available to provide long-term climatic inputs needed for model synthesis. Long-term flood observations on larger streams draining up to 14,000 n1i~ (32,300 km:!) were already available for analysis.
Flood-frequency characteristics defined from the 43 synthesized small-stream records and 2 the observed long-term records on large streams were used as dependent variables in a multiple-regression analysis to define relations for estimating flood characteristics at ungaged sites. The results of this analysis showed that drainage area and main-channel slope are the most effective indices for estimating floodflows in Missouri, but also indicated the inadequacy of the assumption of a simple linear relation between the logarithms of flood characteristics and the logarithms of basin characteristics. Such an assumption is commonly used nationwide and was found satisfactory for a limited range of basin sizes in Missouri. An alternate curvilinear model form suggested by Creager, Justin, and Hinds (1947) was found satisfactory for use with the broad range of basin sizes.
The study described in this report is the first operational use of the rainfall-runoff model in defining flood-frequency estimating techniques. The experiences gained are documented as an aid to others who may be planning similar investigations. This study involves three distinct operations that are described first. They are as follows: 1. Model calibration, or the evaluation of model parameters, for each of the 43 small-stream sites. 2. Synthesis of long-term flood-peak records. 3. Regression of flood characteristics on basin characteristics. To remain within the scope of this study, and within bounds of the time and resources available, it was sometimes necessary to choose among alternative courses and to ignore some potential useful choices. Some of those potential useful choices where additional research may be beneficial are discussed in a subsequent section.
The opinions, findings, and conclusions expressed in this report are not necessarily those of the Federal Highway Administration.
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l\IODEL DESCRIPTION
The model estimates the flood hydrograph that a drainage basin will produce in response to a specific rainfall sequence. It utilizes a set of mathematical relations approximating the physical laws governing three components of the hydrologic cycle-antecedent soil moisture, infiltration, and surface-runoff routing.
The antecedent soil-moisture component continually assesses the changes in soil moisture as a basis for determining the portion of subsequent rainfall that becomes surface runoff. The changes in moisture storage are assessed on a daily basis during nonstorm periods and on a unit-time basis during storm periods. For each site, a unit-time increment of 5, 10, or 15 minutes is selected so that it provides a suitable degree of refinement in the computations and in the synthetic output hydrograph.
The infiltration component of the model determines the portion of a unit-time rainfall observation that becomes surface runoff. In the surface-runoff component, this rainfall excess is then distributed in time to form the outflow hydrograph by using a modified Clark routing method.
Ten parameter values control the operation of the model and must be evaluated to calibrate the model to a specific drainage site. These parameters are constants and limits in the mathematical relations, and table 1 lists them and describes the conceptual function of each.
The model contains a trial-and-error, hillclimbing type of parameter optimization technique. The general method is that a set of assumed parameter values is first used to synthesize a flood record for a period of time when concurrent rainfall, pan-evaporation, and flood records are available. The optimization scheme compares the synthesized record with the observed flood record, then automatically changes one parameter value, repeats the computations, and compares the newly synthesized record with the observed record. The process of individually changing parameter values and computing a new synthesized record is repeated until the comparison of synthesized and observed records cannot be improved. The range of values any parameter can assume is limited by the investigator.
Synthetic and observed flood records are compared by means of an objective function. This function is the sum of squares of logarithms of differences between observed and synthesized values of the peak flows, or of the storm volumes, or of a combination of the peak and volume. Thus, the parameter-evaluation 
Infiltration component
Product of moisture deficit and suction at the wetted front for soil moisture at field capacity. The minimum (saturated) hydraulic conductivity used to determine infiltration rates. Ratio of the product of moisture deficit and suction at the wetted front for soil moisture at wilting point to that at field capacity. procedure develops a nonlinear least-square solution to the optimum set of parameter values.
Once the parameters are evaluated for a specific drainage site, a long-term record of precipitation and pan evaporation may be put into the model to synthesize a flood record.
Many assumptions are required to calibrate and use the rainfall-runoff model. Some of the more important ones are : 1. Uniform distribution of rainfall over the drainage area. 2. Accurate input data. 3. Runoff unaffected by ice or snowmelt. 4. No changes have destroyed the homogeneity of flood records during the period used in model calibration. 5. Available long-term rainfall and evaporation records are applicable to the drainage basin. To the extent possible, measuring techniques and operational procedures are designed to minimize the effect of deviations from these assumptions. An obvious limitation is the adequacy of a single rain gage for representing the areal distribution of rainfall on a drainage basin. Most floodflows on small drainages in Missouri and other Midwestern States are produced by localized high-intensity thunderstorms. The variability of these storm rainfalls over a drainage basin is probably a function of the ratio of storm size and movement to size of drainage basin. To limit the effects of the assumption of uniform areal rainfall distribution, the model was calibrated only for basins draining less than 10 mi 2 (25.9 km 2 ) .
~IETHODS OF STUDY
The analysis included three distinct operations. The first was to evaluate the model parameters through a calibration process. The second was to synthesize a long series of annual flood peaks from long-term rainfall records and to define the flood-frequency curves. The last was to define by multiple-regression analysis the relations between the 2-, 5-, 10-, 25-, 50-, and 100-year flood magnitudes and drainagebasin characteristics as a basis for flood frequency estimates at ungaged sites.
MODEL CALIBRATION BASIC DATA
Calibration of the rainfall-runoff model to any specific site requires concurrent data on streamflow, precipitation, and evaporation. Sufficient data were available for calibrating the model for 43 sites with drainage areas draining less than 10 mP (25.9 km 2 ) . Table 2 lists in downstream order the 43 sites together with their drainage areas, caHbration period, time increment, and number of storms used in calibration, and figure 1 shows the location of the sites.
In the extreme southeast part of the State, no rainfall-runoff data have been collected because of the inability to define stage-discharge relationships of small drainage areas. However, flood-frequency estimating relations presented later in this report are based upon information from this region for drainage areas greater than 10 mi 2 (25.9 km 2 ) so that the estimating relationships have statewide applicability.
All stage and rainfall records used in this study were recorded on strip charts. One rain gage was located in each basin. Two types of rain-gage records were used: (1) a tippingbucket gage that recorded to the nearest 0.1 inch (2.5 mm) synchronously with the stagerecorder gage and on the same chart, and (2) a weighing-type gage placed somewhere within the basin, not necessarily at the stream gage, and recorded on a separate chart.
PARAMETER EVALUATIO~
The parameter evaluation was accomplished in three phases. During phase one, the parameters shown in table 1 as controlling the volume of runoff (PSP, KSAT, DRN, RGF, BMSM, EVC, RR) were automatically adjusted until the volumes of observed runoff were reproduced with m1n1mum variance (minimum objective function). These parameters were then held constant through phase two, in which the parameters controlling the shape of the synthetic hydrograph (KSW, TC, TP /TC) were readjusted until the observed peaks were reproduced with minimum variance. In phase three, routing parameters were held constant and volume parameters were readjusted until the best fit of observed versus Station number 05495100 __ _ 05497700 __ _ 05502700 __ _ 05503000 __ _ 06815550 __ _ 06816000 __ _ 06820000 __ _ 06821000 __ _ 06896180 __ _ 06896500 __ _ 06897700 __ _ 06902500 __ _ 06902800 __ _ 06907200 __ _ 06908300 __ _ 06909700 __ _ 06910250 __ _ 06918700 __ _ 06919200 __ _ 06921740 __ _ 0692.2700 __ _ 06925200 __ _ 06925300 __ _ 06926200 __ _ 06927100 __ _ 06928200 __ _ 06931500 __ _ 06935800 __ _ 07011200 __ _ 07011500 __ _ 07015500 __ _ 07017500 __ _ 07019100 __ _ 07035500 __ _ 07037700 __ _ 07053950 __ _ ()7054200 __ _ 07054300 __ _ 07063200 __ _ 07064300 __ _ 07064500 __ _ 07068200 __ _ 07185500 __ _ 1964-69 1961-64 1969-70 1956-69 1967-69 1951-70 1949-70 1950-70 1959-65 1955-70 1966-70 1955-70 1961-66 1961-64 1959-62 1964-69 1960-64 1956-70 1962-70 1960-70 1964-70 1956-70 1969-70 1956-70 1959-62 1958-70 1948-70 1962-70 1959-70 1947-70 1952-70 1955-70 1960-64 1955-70 1956-70 1962-66 1966-70 1959-62 1959-64 1959-70 1949-70 1964-70 1950-70 simulated peaks was achieved. Parameters determined in phase three were used in the synthesis of long-term peak discharges.
Initial magnitudes of each parameter were selected on the basis of the watersheds' climate, geology, soil, and basin cover. Constraints were placed on the range in which some initial parameters were allowed to vary during calibration. For example, Kohler, N ordenson, and Baker (1959) computed an average panevaporation coefficient for Missouri of about 0. 7; therefore, this parameter was constrained to keep its magnitude within a range of 0.5 to 0.9. Initial magnitudes of routing parameters were determined from observed discharge hydrographs, and constraints were placed on these magnitudes to keep them within a range consonant with experience at each location. The range in which the remaining parameters were allowed to vary during calibration was set to allow the best fit of a plot of the final observed versus simulated peak discharge.
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An important step in the operational procedure of parameter evaluation was a screening process to identify and eliminate those storms having large errors in the recorded data. All storms were included in the first phase one and phase two computations, and the recorded storm precipitation was compared with the observed and simulated runoff hydrographs for each storm. Storms then were eliminated from subsequent calibration work if the runoff vol- 
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PA,f? ume exceeded the precipitation, if the precipitation exceeded the runoff by an abnormal amount, or if other obvious data problems appeared. The evaluation of parameters by phase one and phase two was then repeated as many times as necessary on the reduced set of storms. Although the screening process was somewhat subjective, the elimination of these stormsfor which recorded precipitation obviously was not representative of basin precipitation-was considered essential to establishment of the optimum set of parameter values for model calibration.
A final set of parameter values was determined from the screened storm data by a phase three computation (readjustment of volume parameters holding phase two routing parameters constant). A plot was then prepared of observed peaks versus synthesized peaks and was used to graphically check for possible bias in calibrated model results. The average standard deviation of differences between observed and synthesized peaks was about 35 percent.
Model calibration was completed for each station in downstream order (ascending station numbers). Experience gained early in the process allowed more efficient calibration of downstream stations and perhaps allowed parameters to be defined with more confidence and meaning. Table 3 lists the stations in downstream order and the best-fit parameter values.
SYNTHESIS OF FLOOD RECORDS
A calibrated model can be used to estimate the flood peak resulting from any selected storm rainfall and associated antecedent moisture conditions; therefore, a long record of rainfall and evaporation is needed to generate a long series of synthetic flood peaks. Four long-term, continuously recording rainfall gages have been operated in Missouri by the National Weather Service. These records provide the basic rainfall data for model input and are identified in table 4.
One relatively long record of daily pan evaporation collected at Lakeside, Mo., near Lake of the Ozarks, was processed to provide needed evaporation inputs.
PROCESSil\'G R.-\ll\'FALL RECORDS Model synthesis requires records of daily precipitation for nonstorm periods and unit precipitation for storm periods. Daily precipitation records for each of the four sites were available from the National Climatic Data Center, Asheville, N.C., and were processed and placed in computer storage.
Unit precipitation information could be attained only by coding data from original recorder charts, a tedious, relatively time consuming, and therefore expensive, process. To provide a realistic basis for synthesizing an annual series flood record, unit data must be 7 available for all storms that might conceivably produce the largest peak flood during any water year (October 1 to September 30). To minimize costs, however, it was desirable to limit the number of storms selected. R. W. Lichty (written commun., 1973) has studfed the proble1n of identifying those storms likely to cause an annual maximun1 flood and the effect of the number of identified storms on the resulting frequency curves. For basins with lag times of about three-quarters of an hour, he concluded that three storms each year identified as the maximum daily or 2-day total rainfalls would produce a frequency curve not significantly different fron1 one based on unit data for a great many n1ore storms. For basins with lag tin1es of less than three-quarters of an hour, Lichty suggested that the number of storms identified for reduction to unit data should be increased to four or possibly five per year.
A computer program supplied dates of the storms that would possibly cause the maximum annual flood peak by identifying the five largest daily or 2-day total rain eatches in each water year in each of the dai1y precipitation records. A reduced number of dates was then selected for the reduction of rainfall recorded charts to unit data by considering for each storm the antecedent rainfalls, the comparative total rainfalls, the hourly intensities, and similar available information. Table 4 shows the number of storms in each record for which the National Climatic Data Center, NOAA, of Asheville, N.C., prepared computer inputs of 5-minute unit precipitation data.
All the information on daily and unit precipitation for each of the four long-term raingage sites was presented in a report by Hauth (1973a) .
PROCESSIXG EVAPORA TIO~ RECORDS A daily evaporation record is required for model synthesis. The longest available record in Missouri is for the LakeBide, Mo., panevaporation gage located at Lake of the Ozarks, which began operation in February 1948.
A computer program developed within the U.S. Geological Survey analyzed the available evaporation record to determine a harmonic (sine-cosine) function, which then generated a 
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synthetic daily evaporation record for the 1893 to 1948 period. Experience has shown that model outputs are relatively insensitive to the clay-to-day variations in evaporation data and that an evaporation record n1ay be applicable to large regions. The partly synthesized evaporation record used in this study was considered 8 to be adequate for flood-peak synthesis at the 43 sites considered.
DEFINING SYNTHETIC FLOOD FREQUENCIES
Four series of synthetic annual peaks were generated for each of the 43 sites by putting into the calibrated model the data from each of the four long-term rainfall gages and the evaporation gage. Each of the four series of peaks was then tested in pairs (Kansas City and St. Louis, Kansas City and Columbia, and so forth) for statistical distribution differences via the Cramer-von Mises Two-Sample Test as described by Conover (1971) . In no instance could the hypothesis that the samples are identical be rejected at the 1-percent level of significance, and in only one station pairing could the hypothesis be rejected at the 5-percent level. These results indicate that there was no apparent advantage or reason to use one raingage record in preference to another and that an average of the four frequency relations would be justified.
To define the average synthesized frequency curve, four individual curves were computed by mathematically fitting a Pearson Type III distribution to the logarithms of each of the four annual peak series using techniques recommended by the U.S. Water Resources Council (1967). The 2-, 5-, 10-, 25-, 50-, and 100-year recurrence interval peak magnitudes from each curve then were averaged to form the synthetic curve for each site.
In addition to the synthesized records, the observed flood-peak record was available to aid in definition of the freqeuncy characteristics at each site. Observation and testing indicated that these relatively short records could be of value. Firstly, because the observed data are of sufficient length to define reliably the magnitude of flood peaks in the range of the 2-to 10-year recurrence intervals. Secondly, because statistical analysis of the synthetic frequency curves indicates that the variance between curves decreases with increasing recurrence interval-that is, the model defines the extreme floods with more consistency than the smaller floods. A log-Pearson Type III distribution was also fitted to the observed flood series.
A graphical weighting procedure was employed to combine the observed and synthesized frequency curves into a final curve. Both the average synthetic data curve and the observed data curve were plotted on a probability graph, and a curve was drawn from the 2-year observed value to merge smoothly with the average synthetic curve at a point generally greater than the 10-year recurrence interval. Figure 2   9 shows the relationships for Thompson Branch near Albany ( 06896500) and the final curve obtained by this graphical process. Each curve was judged individually in an effort to provide the best possible estimate of the frequency characteristics to use in the regression analysis. A summary of the flood characteristics for the 43 sites is given in table 5.
REGIONAL REGRESSION ANALYSIS
Flood data at a sample of gaged sites provide a basis for estimating flood characteristics at ungaged sites. The technique of transferring data used in this study defines from this sample some equations relating flood magnitudes to numerical indices describing characteristics of the contributing drainage basins. Separate equations are defined for selected points on the frequency relation, such as the 2-, 10-, and 50-year recurrence interval peak magnitudes. Drainage-basin indices describe the size, shape, slope, soil characteristics, vegative cover, climate, and so forth. They are indices that can be evaluated from topographic, geologic, and climatic maps and from other readily available sources, and they logically can be expected to be related to the differences in floodflows at the various gaged sites. Planners and designers may then solve the defined equation to estimate the flood characteristics of an ungaged site by evaluating appropriate basin indices. abies are retained in an estimating equation that have a coefficient that is significantly different from zero at the 95-percent confidence level. Sandha us and Skelton ( 1968) previously used the log-linear model form to define floodestin1ating relations for Missouri streams. They provided separate relations for estimating magnitudes of floods having six selected recurrence intervals ranging from 1.2 to 50 years. They found only the coefficients of drainage-area size and main-channel slope to be significant, and they found the assumption of a linear relation between the logarithms of the variables to be acceptable. Standard errors of estimate ranged fron1 50.7 percent for the sn1aller floods to 36.9 percent for the larger floods. Because of the lin1ited data on small streams, the relation for estimating floods larger than 25-year recurrence interval was 10 not considered applicable to streams draining less than 50 mi:! (130 km:!).
In this study, data for the 43 small-stream sites were analyzed by multiple regression m~ing the log-linear model form. Separate relations were defined for recurrence intervals of 2, 5, 10, 25, 50, and 100 years. Drainage-basin indices considered as independent variables were: Drainage area C4), in square miles, as planimetered on the best available topographic maps. Main-channel slope (S), in feet per mile, between points 10 and 85 percent of the distance upstream from the gage to the basin border. Main-channel length ( L) , in miles, fron1 the gaging station to the basin divide. Mean-basin elevation (E), in feet above mean sea level. Forest cover (F), expressed as the proportional part of the drainage area covered by forests as shown on the topographic map.
Standard errors ranged from 25.4 to 42.6 percent, indicating that the assumption of a linear relation between logarithms of the variables was reasonable. Mean-annual precipitation (P), in inches. The maximum 24-hour rainfall, (/ 24 .2), in inches, having a recurrence interval of 2 years (2-year, 24-hour rainfall) from U.S. Weather Bureau Technical Paper 40 (1961) . Soil infiltration index (Si), in inches, determined by the Soil Conservation Service. Upon testing all independent variables, only the coefficient to drainage area remained significant at the 95-percent confidence level.
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It had been anticipated that equations defined from data for the 43 small-stream sites would be useful for estimating flood characteristics of ungaged sites draining less than 10 mi~ (25.9 km 2 ) and that the Sandhaus and Skelton relations would be used for estimates on larger streams. Comparison of the estimates obtained by the two sets of equations showed, however, that there was a discontinuity for sites having drainage areas of sizes between 10 and 100 mP (25.9 and 259 km 2 ) . No simple, yet logical, system of using the two sets of equations was apparent, and their utility for obtaining design discharge estimates was rejected.
Recognizing that a continuous relation should exist between flood and basin characteristics for the complete range of basin sizes, data for a sample of large streams were included with the small-streams data for a combined analysis. Flood characteristics were evaluated for 109 large-stream sites where floodflows are considered to be virtually natural and a sufficient number of annual peaks had been recorded to adequately define the 50-to 100-year flood. Frequency then was analyzed by fitting a Pearson Type III distribution to the logarithms of annual peaks using a regional average coefficient of skew of -0.5, as suggested by Hardison (1974) . Data on the size and main-channel slope of the large-stream sites were available from the Sandhaus and Skelton study (1968) .
Definition of estimating equations based upon the combined large-and small-stream data indicated that the assumption of a linear relation between the logarithms of the variables was inadequate. The defined log-linear relations tended to overestimate flood magnitudes at intermediate size sites. Alternative curvilinear models and variable transformations were therefore tested on the data. The most satisfactory model found was one suggested by Creager, Justin, and Hinds (1947) :
where A is drainage-basin size and S is mainchannel slope. By logarithmic transformation of the variables the model becomes :
Although the constants in this relation cannot be evaluated directly by linear multiple-regression analysis, repeated trial and error solutions indicated that when b2 = -0.02, multiple-regression analysis to determine remaining constants provided relations having a minimum standard error of estimate. Table 6 summarizes the final set of best-fit equations. To simplify use of these equations, Hauth (1974) provided graphical solutions, one of which is shown in figure 3 as an example. The defined relations are considered useful for providing design flood estimates at ungaged sites in Missouri having characteristics within the range of experience in the sample datathat is, they are useful at sites where floodflow is virtually natural, where drainage areas range from 0.1 to 14,000 mi 2 (0.26 to 32,300 km 2 ) , and where main channels have slopes between 1 and 300 ft/mi (0.19 and 56.7 m/km). The relations should not be used at sites where ftoodflows are significantly affected either by the works of man, such as the development of urban centers, reservoirs, and improved channel, or by backwater of larger streams, as might be expected near the mouth on tributary channels. The relations also are not useful for main-stream sites on the Mississippi and Missouri Rivers, but alternate design estimating techniques previously have been provided for those rivers and for some regulated streams by Patterson and Gamble (1968) , Patterson (1964 Patterson ( , 1966 , and Matthai (1969) .
DISCUSSION
This first operational use of the rainfallrunoff model proved the practicality of record extension for use in regional frequency analysis. Valuable experience was gained, but many questions and problems arose. A general discussion of some of the more important observations is presented here. Many of the techniques used in this study were necessarily selected on an intuitive basis and perhaps will be useful in future studies, yet it is hoped that this discus- sion also can suggest areas of beneficial future research.
PARAMETER EVALUATION
Parameter evaluation was the most complex operation in the study and the one requiring the most arbitrary judgments. Development of improved guidelines for parameter evaluation could be of significant benefit.
Information on the probable magnitude and possible range of parameter values is needed for efficiency of calibration. At first it was difficult to estimate initial parameter values, but as experience was gained the efficiency in parameter evaluation increased. The data shown in table 3 will be of value to subsequent analysts in areas near Missouri, but it would be useful to know the variation in parameter values is associated with basin characteristics. A relatively simple approach would be to use the values in table 3 as dependent variables in a multiple-regression analysis. Results would not only aid the efficiency of parameter evaluation at short-record sites, but conceivably could allow model calibration for ungaged sites.
Information on the sensitivity of output results to changes in parameter values would also assist future investigators. For example, the routing parameter TP /TC was observed during this investigation to exert little influence on output results. Although no detailed sensitivity investigation was undertaken, on the basis of experience with the earlier calibration this parameter was virtually ignored during latter parts of the study. More detailed study might indicate no need to use the parameter value TP lTC in any model calibration and might set relative priorities for calibration of other parameters.
A knowledge of the amount of information needed for effective model calibration would be of great importance to other stream flood investigations. In this study, from 8 to 31 storms were used. Research studies might test the effectiveness of lesser calibration data as a basis for knowing how long data collection progams should be operated. A related study of criteria to judge the effectiveness of individual storms and number of individual storms during the data collection period also would be helpful.
14 Lacking any technical basis, the storm screening process used in this study to include or to omit storms in the calibration process was judged necessary to obtain the most effective set of model parameters. This screening process required considerable effort in recalibration on a reduced number of storm events. It would be interesting to test how much differently the results might be if there had been no screening.
The three-phase calibration scheme in which storage and routing parameters were calibrated separately was devised for efficiency on a rational basis. Alternate schemes are available and might have been selected. They ranged in complexity from direct calibration in a single operation to calibration of parameters in multiphase operations where alternate parameter groups are identified. Research studies might suggest the most effective scheme. RECORD SYNTHESIS Experience in synthesizing records by using long-term climatic data in a calibrated model defined some unexpected problems.
The n1ost perplexing problem was the inability to distinguish between the frequency curves defined from the four long-term precipitation records. Additional study to define whether any significant difference exists within the rainfall records themselves would be of interest. Such a study might suggest which available longterm rainfall records in an area are effective for model synthesis and, therefore, the ones which should be reduced for model use.
Techniques of combining frequency curves should be investigated. Intuitively, observed records should have some weight in defining the middle range of an annual series frequency curve. Experience with the model-synthesized records indicates that larger floods may be more reliably estimated than the average-size floods. Some technical basis is needed for combining and weighting the observed and synthesized data in freqeuncy analysis.
One other practical problem that could benefit from additional study and could improve operational guidelines is the selection of storn1s to be reduced to unit data. Perhaps investigation of the unused unit data in the four Missouri long-tern1 rainfall-runoff records could identify criteria and thereby save the datareduction effort necessary in similar future studies.
REGRESSION ANALYSIS
The nonlinearity of the relation between the logarithms of the floods and basin characteristics was surprising. Perhaps alternate model forms would be as effective or more effective than the one used, but of more interest is the reality of the nonlinear model form. Is it a relation that would be defined if long-term records were available at the small-stream sites, or is it a form that results from some idiosyncrasy in the rainfall-runoff model? For example, it is conceivable that the use of a single rain-gage record with the necessary assumption of uniform areal precipitaion may tend to overestimate the flood magnitudes in the larger basins (approximately 10 miZ or 26 km 2 ) , thereby causing the apparent curvilinear regression.
The standard errors of estimate of the regression relations defined in this study are considerably improved over the standard errors of relations previously defined for Missouri. It must be noted, however, that these newly defined relations are based upon synthesized flood records that are highly correlated among themselves. This cross-correlation will reduce significantly the time sampling errors inherent in observed records; but it remains to be shown whether or not the improved standard errors actually indicate a more reliable estimate of future floodflows.
SUMMARY AND CONCLUSIONS
This study has demonstrated the utility and practicality of using a rainfall-runoff model of small-stream floods to define techniques of estimating flood magnitude and frequency at ungaged sites. Short-duration records of concurrent rainfall and runoff defined parameters that are used in a mathematical model and that define each basin's response to rainfall. Longterm climatic data then were put into the model to generate long-term peak-flow records. Results obtained from this process indicate that there is a rational consistency of parameter values from basin to basin throughout the State. The average standard error of estimate from all calibrations, which in general indi-15 cates the ability to mathematically define the basin response, was about 35 percent.
Synthetic annual peak discharges were obtained at each gaging station by transferring long-term rainfall data (an average of 70 years) from four locations. Statistical tests indicated that the synthetic peaks based upon the four different rainfall records were identically distributed and that a simple averaging of synthetic frequency curves was justified. An examination of available short-term rainfall records throughout the State shows a few rainfall intensities to be greater than those from the four long-term records and demonstrates the time sampling error inherent in hydrologic data. Extreme storms such as these can cause extreme runoff, and the recurrence intervals for these floods are difficult to define within a short observed record. However, by using a longer period of rainfall with the calibrated model, a long series of annual peaks were generated as improved time samples for definition of frequency curves at each site.
Simple regression of the logarithmic transforms of streamflow characteristics versus logarithmic transforms of drainage area proved to be linear for basins used in the synthesis. However, when data for small and large basins were combined, a nonlinearity occurred. Linearity of regression was then ob- A map plot of residuals suggests the statewide applicability of the equations. Equations defined in this study are based upon more data and a more rigorous analysis than those presented in the report by Sandhaus and Skelton (1968) .
